We assessed elemental composition of the liver in mice subjected to one-time or chronic consumption of the juice of vegetables cultivated in a vegetable garden built over deposits of coal waste. Lactuca sativa L. (lettuce), Beta vulgaris L. (beet), Brassica oleracea L. var. italica (broccoli) and Brassica oleracea L. var. acephala (kale) were collected from the coal-mining area and from a certified organic farm (control). Elemental composition was analyzed by particle-induced X-ray emission (PIXE) method. Concentrations of Mg, S, and Ca of mice subjected to one-time consumption of broccoli and concentrations of these same elements plus Si of mice receiving kale were higher in the coal-mining area. Concentrations of P, K, and Cu were increase after chronic consumption of lettuce from the coal-mining area, whereas the levels of Si, P, K, Fe, and Zn were higher in the group consuming kale from the coal-mining area. Our data suggests that people consuming vegetables grown over coal wastes may ingest significant amounts of chemical elements that pose a risk to health, since these plants contain both essential and toxic metals in a wide range of concentrations, which can do more harm than good.
INTRODUCTION
Despite its poor environmental reputation, coal represents an important source of energy worldwide (Zakrzewski 1991 , Chen et al. 2005 , Bhuiyan et al. 2010 , León-Mejia et al. 2011 , Council 2013 because between 27% (Bhuiyan et al. 2010) and 40% (Council 2013) of the world's energy consumption originates from incineration of coal.
Among all fossil energy sources, coal is considered the most pollutant one because it contains key polluting compounds such as sulfur dioxide (Zakrzewski 1991 , Chen et al. 2005 . Coal-mining operations are characterized as an environmental challenge (Bhuiyan et al. 2010 , Bian et al. 2010 , Council 2013 , Wang et al. 2013 given 2384 JAIRO J. ZOCCHE et al.
that they degrade significant areas and replace the existing ecosystems with mine spoil dumps (Singh et al. 2004) . Overall, the system of coal energy production involves coal-mining, mineral processing, coal burning, and subsequent energy generation, whereas the environmental challenges from coal exploitation include coal mine accidents (Bian et al. 2010) , land subsidence (Bian et al. 2010 , Sadhu et al. 2012 , damage to the water and terrestrial environment (Bian et al. 2010 , 2014 , Sadhu et al. 2012 , Wang et al. 2013 ), especially to the vegetation (Donggan et al. 2011) and to soil structure (Ghose 1996 , Dutta and Agrawal 2002 , Banerjee et al. 2004 , Sadhu et al. 2012 , Wang et al. 2013 , mining waste disposal (Singh and Singh 2006 , Bian et al. 2010 , Bhuiyan et al. 2010 , Wang et al. 2013 , air pollution (Querol et al. 2008 , Zhao et al. 2008 , León-Mejia et al. 2011 , and landscape changes (Bian et al. 2010) .
The most important coal reservoirs in Brazil are in the states of Santa Catarina and Rio Grande do Sul, in the south sector of Paraná Basin (Kalkreuth et al. 2006) . The Catarinense Coal Basin (CCB) covers a polygon of approximately 1,200 km 2 in the southeastern part of Santa Catarina state, between 28°48¢ and 28°23¢ S and between 49°33¢ and 49°15¢ W (ABCM 2017) . Coal exploitation began approximately in the 1890s (Belolli et al. 2002) and since then has caused notable physical, chemical, and biological changes in the local and regional ecosystems , Zocche et al. 2014 .
Strip mining and underground coal-mining involve first the removal of several layers located upon the coal bed, which often contain iron sulfide minerals and other chemical environmental contaminants despite the low concentration in coal (<30%) (Bhuiyan et al. 2010) . During the strip-mining and underground coal mining activities (Bhuiyan et al. 2010 , Bian et al. 2010 and procedures of coal preparation (Bian et al. 2010) , several toxic materials are directly exposed to atmospheric conditions thus being subjected to weathering (Sengupta 1993 , Younger 2004 , Zhao et al. 2007 , Kuter 2013 . Even though the environmental laws of several countries state that coal-mining waste should be adequately managed, most of such waste is still transported to dumps, used to fill gullies, or piled as a hill (Bhuiyan et al. 2010) .
Catarinense coal is characterized by high sulfide content and by pyrite and marcasite (Pires and Querol 2004, Silva et al. 2011) , and the residues contain several environmentally relevant metals and metalloids such as As, Pb, Cd, Ni, Cr, Mn, Be, V, U, Zn, Li, Cu, Co, Fe, Hg and Ge , 2014 . Currently, in the CCB, the coal waste is discarded appropriately; however, in the past, until the 1980s, it had been carelessly disposed of anywhere and often deposited near mines as waste rocks or mining refuse, and for a long time, this waste had been used as embankment, road pavement, or a building construction material. The waste was also frequently used as embankment in wetlands, mainly in periurban areas, where later, low-income populations came to live and to cultivate vegetables in home gardens.
Food safety is one of the major public concerns worldwide (Radwan and Salama 2006, Arora et al. 2008) . In the last decades, the number of studies dealing with the increased risks to human health as a result of a diet based on foods contaminated with pesticides, heavy metals, and/or toxins has increased (D'Mello 2003 , Radwan and Salama 2006 , Arora et al. 2008 . Among the most severe food contaminants are trace elements (Zaidi et al. 2005) . In general, heavy metals are not biodegradable, their biological half-life is very long, and they have a great potential for accumulation in various organs of the human body (Arora et al. 2008 ). In addition, Arora et al. (2008) pointed out that once inside a living organism, several heavy metals replace essential nutrients, thus causing metabolic biochemical disorders (Järup 2003 , Sathawara et al. 2004 ) that affect human health and development (Wang et al. 2013 ) to some extent.
Keeping in mind the potential toxicity, persistent nature, and cumulative behavior of heavy metals as well as the consumption of vegetables grown on deposits of coal-mining waste that are rich in toxic elements in the CCB, it is necessary to analyze concentrations of these contaminants. The aim of this study was to test (by means of an animal model) whether the vegetables cultivated in a vegetable garden built on deposits of coalmining waste accumulate chemical elements at a concentration that can represent a risk to human health.
MATERIALS AND METHODS

COLLECTION OF SOIL SAMPLES AND VEGETABLES AND PREPARATORY PROCEDURES
Soil samples (n = 30) from the depth of 10 to 15 cm (Allen 1989) and samples (n = 30 each) of lettuce (Lactuca sativa L.), beet (Beta vulgaris L.), broccoli (Brassica oleracea L. var. italica), and kale (Brassica oleracea L. var. acephala) were randomly harvested once from the plots of a vegetable garden built over a deposit of tailings of mineral coal processing (coal-mining area), in the municipality of Forquilhinha, and from the plots of a certified organic farm (control area), located in the municipality of Criciúma, both of which are in the southern part of Santa Catarina state, Brazil. The coal tailing deposit was recovered in the last waste layer with 0.30 m of clay. On the clay layer, a top soil layer of 0.30 m was deposited, and on top of it, the vegetable garden plots were later constructed. The plots received a mixed layer of 0.30-0.40 m, composed of organic matter (litter chicken bedding), husk ash of rice, and topsoil. The vegetables produced in the coal-mining vegetable garden were used for feeding of the mine workers and distributed to their families.
The samples of each material (soil and each vegetable) from each site (coal-mining area and control area) were mixed to form a composite sample of soil per site and of each vegetable variety per site. Only the edible parts of vegetable samples were used for the analysis of elemental composition.
Soil samples were dried in an oven at 65-80 °C for 24 h, ground to pass through a 200-mesh (0.075-mm) sieve, and homogenized for the analysis of elemental composition. The vegetables were washed first with tap water and then with deionized water to remove any possible foliar contaminants, such as dust or mud. The vegetables were then processed and separated in a centrifugal juicer, and one portion of the juice was stored in a refrigerator (4 °C) until administration to the animals. The other part of the juice was oven-dried at 65-80 °C until all the water was removed. The dried material of each vegetable variety was then ground using a ceramic mortar and pestle to reduce the dried mass material to a suitable size for analysis of elemental composition. The soil and vegetable samples were stored in a moisture-free atmosphere and finally pressed into pellets (n = 3 per sample) for the analysis of elemental composition.
EXPERIMENTAL DESIGN, COLLECTION OF LIVERS, AND PREPARATION OF THE SAMPLES
In this study, we used 72 healthy male Swiss albino mice (bodyweight: 33-40 g; age: 4 weeks). The experimental design was approved by the ethics committee for animal use of Universidade do Extremo Sul Catarinense (CEUA -UNESC; Register N o 110/2011). The animals were randomized by weight and housed in polycarbonate cages with steel wire tops (six animals by cage). The cages were exposed to the alternating lightdark cycle of 12 h and maintained at a standard room temperature (22 ± 2 °C) and humidity (55% ± 10%). The mice were subsequently randomly distributed into two groups: acute (one-time) treatment and chronic treatment.
In the acute treatment group, the animals were subdivided into eight subgroups with six animals per group: control lettuce, coal-mining lettuce, control beet, coal-mining beet, control broccoli, coal-mining broccoli, control kale, and coal-mining kale. The animals received a single dose of juice (0.1 ml/kg) by gavage for evaluation of elemental composition of the liver. Twenty-four hours after the administration, the animals were euthanized by decapitation, their livers were rapidly removed, and one fraction was collected to analyze the elemental composition.
In the chronic treatment, the animals were subdivided into four groups with six animals per group: control lettuce, coal-mining lettuce, control kale, and coal-mining kale. The animals received a single daily dose of juice (0.1 ml/kg) by gavage for 30 days for evaluation of elemental composition of the liver. Twenty-four hours after the last dose of juice, the animals were euthanized by decapitation, their livers were rapidly collected, and a portion was set aside for analysis of elemental composition.
The mouse liver samples were dried in an oven at 60 °C for 48 h, mixed to form composite (pooled) samples per group, macerated using a mortar and pestle, stored in a moisture-free atmosphere, and finally pressed into pellets (n = 3 per group) for analysis of elemental composition.
ANALYSIS OF ELEMENTAL COMPOSITION OF THE SOIL, VEGETABLES, AND MURINE LIVER
The samples of soil, vegetables, and murine livers (n = 3 samples per site, species, and animal subgroup) were then analyzed for elemental composition by the particle-induced X-ray emission (PIXE) method, according to the articles by He et al. (1993) and Johansson et al. (1995) . This method has been used for the detection of trace and major elements in plants and other life forms owing to its multielemental nature, high sensitivity, simplicity, and high sample throughput (Mireles et al. 2004 ). The results were expressed in parts per million (µg g -1 ) on a dry weight basis as mean ± SD.
STATISTICAL ANALYSIS
Data were presented as mean ± SD. We used the Kolmogorov-Smirnov test to evaluate the normality of variables. The differences in the elemental composition of the soils and vegetable species between the two sites (farming organic and coal-mining area) as well as in the livers of mice exposed to vegetable juice from the coal-mining area and organic farming area were evaluated by Student's t test (P ≤ 0.05) in the GraphPad Prism software package, version 5.00 for Windows (GraphPad Software, San Diego, CA, USA). Table I lists the total soil concentrations of chemical elements detected on a dry-weight basis (µg g -1 ); these values varied within the two studied areas. The soils of the vegetable garden from the coalmining area contain high levels of potentially toxic trace elements. The total soil concentrations of Si, P, Cu, and Zn at this location are higher than the background world-soil average in accordance to reference values presented by Allen (1989).
RESULTS
ELEMENTAL COMPOSITION OF THE SOILS
In the coal-mining area, the absolute concentrations of all the elements under study were higher than those in the control area although not all elements showed significantly higher values. The highest total concentrations (P ≤ 0.05) were registered for magnesium, sulfur, and zinc and (P ≤ 0.01) for phosphorus and calcium in the soil collected from the vegetable garden built in the coalmining area. The observed highest (significantly different) concentrations of chemical elements can be ranked as follows: Ca > Mg > P > S > Zn.
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ELEMENTAL COMPOSITION OF THE VEGETABLES
Elemental composition of the juice from edible parts of the four analyzed vegetables is shown in Table II . We found that the total concentrations differed between the studied areas and among the vegetable varieties. Some of them are higher in the vegetable varieties from the control area than those from the coal-mining area and vice versa. The total concentrations of Mg, P, S, and K in the juice of beets, broccoli, and kale from both areas were higher than the natural concentrations in plant material in accordance with the reference values published by Allen (1989) . The same was true for P and K in the lettuce juice and for Ca in the juice of kale. Ca content of the broccoli juice from the control area, Zn content of broccoli juice and of kale juice from the coal-mining area, and Fe content of the juice of lettuce from the control area were also higher than the natural concentrations in plant material.
The concentrations of P were higher (P ≤ 0.01) in the samples of the coal-mining area for all the vegetable varieties under study, whereas the concentrations of Si, K, and Zn were higher in the samples from the coal-mining area only for three of the four vegetable varieties. Si content was higher in beets (P ≤ 0.001), broccoli (P ≤ 0.01), and lettuce (P ≤ 0.05); K contents were higher in broccoli (P ≤ 0.001), kale (P ≤ 0.01), and beet (P ≤ 0.05); and Zn contents were higher in broccoli, kale (P ≤ 0.001) and in beets (P ≤ 0.05). The concentrations of Ca and Fe were higher in the samples from the coal-mining area in two of the four vegetables. Ca contents were higher in beets (P ≤ 0.001) and lettuce (P ≤ 0.01), and Fe contents were higher in beets (P ≤ 0.001) and broccoli (P ≤ 0.01). Mg contents were higher (P ≤ 0.01) in samples of the coal-mining area in one of the four vegetables analyzed (in beets).
It was also found that the total concentrations of several elements were higher in vegetables from the control area than in the vegetables of the same variety from the coal-mining area (Table II) . This was the case for Mg, S, K (P ≤ 0.001), and Cu (P ≤ 0.05) in lettuce; S (P ≤ 0.001) and Cu (P ≤ 0.05) in beets; for Mg, Ca (P ≤ 0.001), and S (P ≤ 0.01) in broccoli; and for Mg (P ≤ 0.001) and Ca (P ≤ 0.01) in kale. Elemental composition of the liver in mice subjected to one-time consumption of juice of the vegetables is shown in Table III . In the case of broccoli, we found that the concentrations of Mg, S (P ≤ 0.05), and Ca (P ≤ 0.01) were higher in the livers of the coal-mining area animal group in comparison with the control area group. As for kale, the concentrations of Mg, Si, S, and Ca (P ≤ 0.05) in the coal-mining area group were higher than in the control area group. On the other hand, the animal groups that received the juice of beets and of lettuce from the coal-mining area showed no changes in the liver concentrations, for all the chemical elements studied, as compared with the control area group. Only the total concentrations of S in the liver of mice subjected to one-time consumption of the juice of broccoli and of kale from the coal-mining area were higher than the natural concentrations in animal tissues published by Allen (1989).
ELEMENTAL COMPOSITION OF THE LIVER IN MICE SUBJECTED TO CHRONIC TREATMENT
The elemental composition of the liver in the mice subjected to chronic consumption of the juice of vegetables collected in the control area and in the coal-mining area is shown in Table IV . After comparing the coal-mining area group with the control area group that received the juices of vegetables, we found that in relation to lettuce, the concentrations of P, K (P ≤ 0.001), and Cu (P ≤ 0.01) were higher in the livers of the animals that received the juice from the coal-mining area in comparison with the control area group of mice. The concentrations of Fe (P ≤ 0.01) were lower in the liver of the animals that consumed the juice from the coal-mining area in comparison with the control area group. With respect to kale, the concentrations of Si (P ≤ 0.01), P, K, Fe, and Zn (P ≤ 0.001) were higher in the liver of the mouse group that received the juice from the coal-mining area in comparison with the control area group.
Only the total concentrations of S in the liver of the mice subjected to chronic consumption of the juice of lettuce and of kale from both areas were higher than the natural concentrations in animal tissues reported by Allen (1989).
DISCUSSION
Coal-mining activities in the BCC generate a large amount of waste rocks and tailings that are deposited at the surface near the mines in lowland areas. The land surface is damaged, and the waste rocks and tailings that are environmentally unstable have become the sources of pollution. This scenario generally leads to changes in physicochemical characteristics of the soil and, consequently, the toxic elements are taken up by vegetable crops.
The total concentration of a chemical element in the soil is not a good measure of short-term bioavailability (because this concentration is not a very useful tool for analysis of the potential risk of toxicity in the case of plant and/or soil contamination). Nevertheless, total concentration of a chemical element can often indicate a potential availability, in addition to usefulness for reporting of the soil relations among elements and their quantity and distribution in a soil profile (Camargo et al. 2009 , Kabata-Pendias 2010 .
Our results show that all the analyzed elements are present at higher concentrations in the coalmining area than in the control area although not all elements showed significantly higher values. The highest total concentrations were registered for Mg (4,590 ± 1,029 µg g -1 ), P (4,553 ± 1,222 µg g Total concentrations of macronutrients P and Ca in the soil of the coal-mining vegetable garden were 4,553 ± 1.22 and 20,010 ± 4,400 µg g -1 ,
respectively; whereas in native soils (control area), they were only 964.70 ± 0.10 and 3,848 ± 2,021 µg g -1 , respectively. P plays several roles in cellular process of plants, e.g., participation in the synthesis of compounds, gas exchange, energy storage and transfer, and cell division and enlargement (Sadhu et al. 2012) , whereas Ca is a relatively common constituent of several soil minerals (Kabata-Pendias 2010) and is responsible for tolerance of plants to toxic effects of heavy metals (Al, Cu, and Mn), in addition to performing some functions in the formation and integrity of cellular wall membranes (Malavolta 1976 , and Zn at 47.47 g kg -1
although the differences in trace metal contents between the mine spoil and native soil were not significant. Bhuiyan et al. (2010) in turn pointed out in their study that the agricultural soils that were irrigated by mine drainage water contain high levels of potentially toxic trace elements although the total concentrations varied considerably depending on the location of the samples. Again, these values are very similar to our results on Cu content (213.10 ± 74.62 µg g -1 ) and much lower than Zn content of the coal-mining vegetable garden soil. This finding once more suggests that our results are likely to be of concern in terms of human health and environmental protection. Our data show that concentrations of some chemical elements such as P, Si, K, Zn, Ca, Mg, and Fe were higher in some vegetables from the coal-mining area, whereas concentrations of other elements such as Mg, S, K, Cu, and Ca were higher in some vegetables from the control area. These results corroborate the general tendency of genotypic variations in relation to accumulation of chemical elements by vegetables: reported by Alexander et al. (2006) as low in legumes, moderate in root vegetables, and high in leafy vegetables. Our results also corroborate the findings of KabataPendias (2010), who stated that although biological selection of chemical elements allows plants to control their chemical composition to a certain extent; these control mechanisms are somewhat limited with respect to trace elements. Therefore, concentrations of trace elements in plants often positively correlate with the abundance of these elements in soils and even in underlying rocks.
In the vegetable juice from the coal-mining area, we recorded concentrations of Mg ranging from 2,412 ± 122 to 31,740 ± 510 µg g and Zn as high as 7.8 to 12 mg kg -1 (9.76 ± 0.07).
The values of Cu and Zn detected in the vegetable juice from the coal-mining area, in this study in general, without considering the vegetables in particular, are much higher than those shown in leafy vegetables by the authors cited above. Our concentrations of Cu and Zn in the lettuce juice from the coal-mining area are higher than those reported by Dogheim et al. (2004) , Bahemuka and Mubofu (1999), and Onianwa et al. (2001) [and higher than only Zn values reported by Türkdoğan et al. (2002)]. The authors cited earlier concluded that environmental toxins, heavy metals, and poor nutrition seem to play important etiological roles in carcinogenesis.
Our analysis of elemental composition of juice from the edible parts of vegetables from the coalmining area shows that concentrations of elements in the juice in general, without considering the vegetable varieties, were in the order K > Mg > Ca > S > P > Si > Fe > Zn > Cu. If we analyzed each species only for heavy metal contents, we found that the order is Fe > Zn > Cu for all the vegetables analyzed. These results corroborate the data of Arora et al. (2008), who assessed the heavymetal content of edible parts of vegetables irrigated with water from different sources (fresh water, wastewater, and unknown source of irrigation) in India.
Differences in metal contents of the vegetable juice between the coal-mining area and the control area depend on the physical and chemical nature of the soil and the absorption capacity of the plant varieties for each metal. These characteristics are affected by various factors such as environmental and human interference, and the species of the plant (Brooks 1983 , Zurera-Cosano et al. 1989 Allen (1989) . To assess the health risk of a pollutant, it is necessary to estimate the exposure level by detecting the routes of exposure for the target life forms. There are many possible pathways of exposure for humans but among them, the food chain is the most important one. Accordingly, we used mice subjected to one-time or chronic consumption of vegetable juice and analyzed the hepatic elemental composition since the liver is the first organ to be affected by chemical elements in the metabolism. In the mouse group subjected to acute treatment, the highest intakes of Mg, S, and Ca came from the consumption of broccoli juice and kale juice, both of which were from the coal-mining area. The kale juice also provided the highest intake of Si. In contrast, in the mouse group subjected to chronic treatment, the highest intakes of P, K, and Cu came from the consumption of lettuce juice and kale juice, both of which were from the coal-mining area, whereas the highest intakes of Si, P, K, Fe, and Zn came from kale juice.
The plant productivity on agricultural soils affected by heavy-metal pollution is an environmental concern because the presence of heavy metals in the soils can affect not only the plant productivity but also food quality as well as human health through the food chain (Alloway 1990 , McGrath et al. 2002 , Kabata-Pendias 2010 . For example, Cu, Mn, and Zn are essential plant nutrients (Marschner and Marschner 2012), but they can be toxic at elevated concentrations (KabataPendias 2010). When any or several of these elements are present in soil above their respective background concentrations, remedial actions may be necessary (Zheljazkov et al. 2008) . Considering the solubility in water, most of heavy metals are extremely toxic. Several animal species, including humans, have no good mechanism for elimination of heavy metals; this situation makes most of heavy metals highly toxic even at low concentrations in the body (Arora et al. 2008) .
Plants absorb trace elements via roots from soils or other growth media and via above-ground parts from aerial deposition (Bahemuka and Mubofu 1999, Kabata-Pendias 2010) and accumulate them in their edible (Bahemuka and Mubofu 1999) and inedible parts (Alam et al. 2003) in quantities that can cause health problems in animals (including humans) consuming these metal-rich plants (Alam et al. 2003) . Vegetables concentrate heavy metals in different quantities in grains, leaves, fruits, and roots (Kabata-Pendias 2010). Mapanda et al. (2005) pointed out that heavy metals accumulate at higher concentrations in parts of leafy vegetables than in grains and fruits.
A number of serious human health problems can develop as a result of excessive dietary intake of heavy metals (Arora et al. 2008) . The presence JAIRO J. ZOCCHE et al. of some heavy metals at high concentrations in food is closely related to the prevalence of a number of diseases, especially cardiovascular, kidney, nervous-system, and bone diseases (WHO 1992 , Steenland and Boffetta 2000 , Järup 2003 . In addition, heavy metals are implicated in carcinogenesis, mutagenesis, and teratogenesis (IARC 1993, Pitot and Dragan 1996) . Nevertheless, some heavy metals such as Cu and Zn perform important roles in the biochemical and physiological functions that are essential to maintenance of life. Apart from its function as a biocatalyst, Cu is necessary for body pigmentation (as is Fe), for the maintenance of a healthy central nervous system, and for prevention of anemia, and it is interrelated with the functions of Zn and Fe in the human body (Akinyele and Osibanjo 1982) . Zn deficiency results in a variety of immunological problems, whereas Cu deficiency is characterized by anemia, neutropenia, and skeletal aberrations (Prentice 1993 , ATSDR 1994 , Linder and HazeghAzam 1996 .
Several heavy metals can stimulate production of reactive oxygen species (ROS), thereby causing lipid peroxidation, DNA damage, and oxidative damage (Stohs and Bagchi 1995 , Henkler et al. 2010 , Zocche et al. 2013 , 2014 and alterations in Ca homeostasis (Stohs and Bagchi 1995) . Heavy metals initiate and enhance the neoplastic process by liberation of ROS and by causing DNA mutations (Peeters 1987 , Feig et al. 1994 . A large body of research has revealed the carcinogenic effects of several heavy metals (Feig et al. 1994 , Trichopoulos 1997 and other chemical elements. Cu, for example, increases the risk of hepatocellular and renal carcinoma according to animal studies (Eagon et al. 1999 , Giri et al. 1999 ; several chromosomal anomalies were reported in Zn and Pb miners (Jackson 1988 , Bilban 1998 ; and hepatocellular and esophageal cancers are the most frequent malignant tumors (45.4% and 19.8% prevalence, respectively) reported in gold miners in South Africa (Bradshaw et al. 1982) . The incidence of gastric cancer is also higher in coal miners (Türkdoğan et al. 2002) . After studying coalmining areas, León-Mejía et al. (2011) concluded that the exposure to coal-mining residues may result in increased genotoxic exposure among coalmining workers.
Coal-mining waste contains substantial amounts of toxic heavy metals, thus creating problems (Singh et al. 2004 , Chen et al. 2005 . Excessive accumulation of heavy metals in coalmining waste or in soils constructed over coalmining waste deposits may not only result in soil contamination or a decrease in the crop production but also can compromise the food quality and safety (Muchuweti et al. 2006 , Arora et al. 2008 , 2014 .
We must take into account that the vegetable garden in the coal-mining area studied here was constructed carefully to prevent absorption of toxic elements of coal waste by the greenery. The construction had the objective to provide food for meals at work and for distribution to the workers' families. Although the coal-mining area vegetable garden was constructed carefully, we found that P, Si, K, Ca, Mg, Zn, and Fe concentrations were higher in the samples from the coal-mining area in at least one of the vegetables under study. Thus, what are we supposed to think about the vegetable gardens that are built on a land that is grounded in coal waste and has received no treatment to prevent the absorption of toxic elements by plants?
We know that when several chemical elements are present in the soil, plants, or in food above their respective background concentrations, they can cause human health problems through their toxic and genotoxic effects. In Brazil, only limited data are available on heavy metals in cereals, fruits, medicinal plants, meat, and leafy vegetables; therefore, this study shows the first data on the concentrations of chemical elements in vegetables from coal-mining areas. Our results also alerted us to the dangers for people who eat food made of plants grown on soils affected by coal-mining activities.
As pointed out by Khairiah et al. (2004 ), Chojnacka et al. (2005 , and Kabata-Pendias (2010), plants exposed to a contaminated soil take up and accumulate heavy metals in roots, leaves, seeds, and fruits. As people are encouraged to consume more fruits and vegetables -which are a good source of vitamins, minerals, and fiber and are generally beneficial to health -a regular public policy of surveys and programs must be implemented for monitoring of elemental composition of foods produced in areas affected by coal-mining. This is because these plants contain both essential and toxic metals in a wide range of concentrations, which can do more harm than good.
CONCLUSIONS
Elemental composition (elements under study) differs between the studied areas and among vegetable varieties. Total concentrations of five chemical elements (Mg, P, S, Ca, and Zn) are higher in the soil of the coal-mining vegetable garden in comparison with the control area. Concentrations of four elements (Si, P, Cu, and Zn) out of the nine studied are higher in the soil of the coal-mining vegetable garden than the background concentration (the world-soil average). The concentrations of all the analyzed chemical elements in the vegetable juice from the coal-mining area, except for Si and Cu, are, in accordance with the literature data, higher than the natural concentrations defined for vegetables, in at least one of the four vegetable varieties under study. Although only the total concentrations of S in the liver of mice exposed to acute or chronic treatment are higher than the natural concentrations in animal tissues, we found that the concentrations of Mg, S, and Ca in the liver of the mice that consumed the juice of broccoli and the concentrations of Mg, Si, S, and Ca in the liver of the animals that consumed the juice of kale from the coal-mining area are higher relative to the control area groups.
Thus, we recommend that people be careful in relation to consumption of vegetables that grow directly on mineral coal waste, on thin soils constructed over coal waste, cultivated in a vegetable garden built over coal waste deposits, or irrigated with mine acid drainage. In the long run, dietary intake of vegetables from these sites can result in high accumulation of trace elements in the body. The detrimental effects will become apparent only after several years of exposure.
It is necessary to regularly monitor the concentrations of toxic chemical elements in constructed soils in coal-mining areas, in effluents, in mine acid drainage, and in plants and other kinds of food produced in coal-mining areas, to prevent the biomagnification phenomenon of heavy metals through the wild or human food chain as well as to prevent damage to human health. Further research is needed to determine definitively whether the elements studied here indeed have harmful effects on human health.
